We demonstrate that nonpolar m-plane surfaces can be generated on uniform GaN nanosheet arrays grown vertically from the (0001)-GaN bulk material. InGaN/GaN multiple quantum wells (MQWs) grown on the facets of these nanosheets are demonstrated by cross-sectional transmission electron microscopy. Owing to the high aspect ratio of the GaN nanosheet structure, the MQWs predominantly grow on nonpolar GaN planes. The results suggest that GaN nanosheets provide a conduction path for device fabrication and also a growth template to reduce the piezoelectric field inside the active region of InGaN-based light emitting diodes.
In1-xGaxN is used with GaN to form the multiple quantum wells (MQW) active region of blue/green light emitting diodes (LEDs). Owing to the lattice mismatch between GaN and InGaN, the straininduced piezoelectric fields inside the MQWs result in the spatial separation of the electron and hole wavefunctions and reduced radiative recombination efficiency with increasing well width; consequently, thin quantum wells, approximately 3 nm thick, are grown to increase the radiative recombination efficiency. 1, 2 The thin wells cause inefficient electron capture and high carrier concentrations at the required operating current that can lead to Auger recombination. Both of these effects have been implicated in the high current efficiency "droop' observed in blue and green
LEDs. 3, 4 Growth on nonpolar or semipolar GaN substrates has been explored as an approach to increase the radiative recombination efficiency in the active region of InGaN/ GaN LEDs by reducing the piezoelectric field and increasing the quantum well thickness. [5] [6] [7] However, the cost of these high quality specialized substrates has prohibited widespread adoption. Recently, GaN nanostructures have been studied to exploit their promising properties, including large surfacetovolume ratio and the exposure of facets other than the typical polar (0001), basal plane. 8, 9 For example, nanowires are grown on easily accessible substrates by either of two approaches: vaporliquid-solid growth (VLS) or selective area growth (SAG) by metal organic chemical vapor deposition (MOCVD). 8, 9 In this work, GaN nanosheets that are confined by two parallel {1-100} planes are formed by applying a pulsed GaN SAG growth mode in a close-coupled showerhead MOCVD system using GaN bulk material patterned with a dielectric mask containing <11-20>-oriented stripe openings. InGaN/GaN MQWs are then grown on these nanostructures by changing the growth scheme from pulsed to continuous injection of the gas flux resulting in nanostructures with MQWs predominantly grown on the exposed GaN nonpolar surface. By virtue of their linearly connected structure, GaN nanosheet is related to the stripe orientation as well. This will be discussed in another paper under preparation. Unless specified the data presented below are taken on samples aligned to within ±0.5°.
To observe the evolution of the nanosheet as the growth proceeds, an experiment was conducted by varying the number of growth cycles on samples with different stripe orientations on the mask, and the results are shown in Fig. 2(b) . These results are interpreted to indicate that a larger deviation from the <11-20>GaN orientation results in the formation of more growth steps on the sidewalls of the nanosheets in the early growth stage. As a result, the lateral growth increased dramatically in the misoriented nanosheets within the first 60 growth cycles. The growth steps on the sidewalls diminished as the sidewalls became parallel to the {1-100} nonpolar planes, resulting in a saturation of the lateral growth, especially for nanosheets with larger misorientation. 3(c) are considerably thicker than typically used for efficient light emitters and result in poor emission efficiency due to the large spatial separation between electron and hole wavefunctions.
Furthermore, we observe that the interface between well and barrier is not as abrupt as for other orientations presumably due to the fast growth rate on the c-plane and possibly due to migration of species from the slow growth semipolar facet. In Fig. 3(d) , we observe that the MQWs grown on semipolar planes are extremely thin-perhaps too thin to capture the electrons and holes for radiative recombination. 
